Phase equilibria of the solid phases including the magnetic and martensitic transformation temperatures in the CoMo system were investigated using two-phase alloys, the diffusion couple technique, differential scanning calorimetry, and vibrating sample magnetometry. Furthermore, ab initio calculations of D0 19 -Co 3 Mo and several fcc-base ordered structures, including metastable compounds, were carried out to estimate the formation energy. Based on these results, a thermodynamic assessment using the CALPHAD method was performed. A foursublattice model was used for the fcc-base phase to describe the orderdisorder phase transformation. For the ® phase, both a three and a foursublattice model were applied. The set of thermodynamic values describing the Gibbs energy of the CoMo system reproduces the experimental phase diagram well. The four-sublattice model for the ® phase reproduces the site fractions as well as the phase boundaries better than the threesublattice model. The calculated metastable fcc-base phase diagram considering chemical and magnetic ordering is also reasonable. This is important for estimating the phase stability of the L1 2 phase in Co-base £/£A superalloys.
Introduction
Co-base alloys are widely used as high-temperature materials for aerospace engines and land-based gas turbines for power generation. The mechanical properties of commercial Co-base alloys are generally inferior to Ni-base superalloys strengthened by the £A phase with L1 2 structure because Co-base alloys are strengthened by solid-solution hardening and carbide precipitation. The Co 3 (Al,W) ternary compound with the L1 2 ordered structure was recently discovered in the CoAlW ternary system. 1) Since the mechanical properties at high temperature of this alloy are comparable to those of Ni-base superalloys, 28) the Co-base fcc (face-centered-cubic, A1) alloys strengthened by Co 3 (Al,W) are considered to be promising candidates for a new class of load-bearing Co-base superalloys. 9) Mo is one of the important alloying elements for the new Co-base £/£A superalloys as well as the conventional Co-base alloys because Mo partitions to the L1 2 phase rather than the A1 phase 1) and can be expected to solid-solution harden the matrix. To understand this behavior in high-alloyed materials, the CALPHAD (CALculation of PHAse Diagrams) method is useful for calculating multicomponent phase diagrams and the CoMo binary system is a necessary constituent subsystem for these Co-base superalloys.
The experimental CoMo phase diagram has been investigated by several researchers 1021) and a comprehensive phase diagram has been compiled in Ref. 22 . Details of the phase boundary information of the paramagnetic hcp (hexagonal-closed pack, A3) phase have not been experimentally clarified yet. For the CALPHAD type assessment, the pioneering work on this system was carried out by Kaufman and Nesor 23) who used simple regular solution and line compound models. Davydov and Kattner assessed this system using the regular solution model with magnetic term and compound energy models. 24) However, these assessments did not include the metastable orderdisorder phase transition of the fcc-base compounds, which are important for the Co-base £/£A superalloys. In the present study, the phase diagram of the CoMo binary system has been experimentally investigated using electron probe micro analysis (EPMA), differential scanning calorimetry (DSC) and vibrating sample magnetometry (VSM) measurements to establish the phase boundaries in the Co-rich region. In addition, the formation energy of L1 2 (Co 3 Mo, CoMo 3 ), L1 0 (CoMo), D0 19 (Co 3 Mo) and disordered CoMo 3 with A1 symmetry have been calculated by means of the density functional theory using the Vienna ab initio simulation package (VASP). 25, 26) The disorder structure of A1-CoMo 3 is approximated by the special quasi structure (SQS) of 16 atoms with 75 mol% Mo. 27) Based on these results a thermodynamic assessment using the CALPHAD method has been performed.
were chemically analyzed with atomic absorption spectrometry. The compositions were 3.06 mol% Mo and 17.8 mol% Mo, respectively, which is in good agreement with the nominal value. The standard deviation for both composition analysis was «0.02 mol%. These two samples were used as standards to calibrate the compositions obtained by EPMA. After solution treatment the wrapped 10Mo, 16Mo, 18Mo, 19Mo, 20Mo, 25Mo 35Mo 52Mo and 70Mo alloys were resealed in quartz capsules and equilibrated at 1173 to 1623 K for 2 to 1440 h. After the heat treatment, the specimens were quenched in ice water and mechanically polished to observe the microstructure. Equilibrium compositions of the twophase alloys were determined by EPMA.
Diffusion couples (DC) were also prepared to confirm the measurements in narrow two-phase regions. Solution treated Co and 10Mo or 25Mo specimens were joined together using a clamp consisting of Mo bolts and nuts of stainless steel and annealed in evacuated quartz capsules at 1273 K for 2 h. Further details method for DC preparation can be found elsewhere.
28) The DC specimens were then sealed in a quartz capsule and annealed at 1173 to 1573 K. After quenching, cross sections of these DC specimens were polished and compositionpenetration curves were measured by EPMA.
DSC and VSM measurements
Compositional dependence of the Curie temperature (T C ) and saturation magnetization (I s ) of the alloys were investigated by VSM. Magnetizationtemperature (MT) curves under a magnetic field of 0.3 MA/m were measured at a heating rate of 1 K/min. T C was defined as the minimum in the plot of the temperature derivative of the magnetization (dM/dT). The I s was determined from the magnetization curve (MH) measured at 83 and 293 K with an applied magnetic field strength of 1.6 MA/m. Invariant reactions were investigated by DSC under an argon atmosphere using heating rates of 10 K/min.
Ab Initio Calculations
The crystal structure and total energy calculations of the A1-Co, A3-Co, D0 19 -Co 3 Mo, L1 2 -Co 3 Mo, L1 0 -CoMo, L1 2 -CoMo 3 , A1-CoMo 3 , A1-Mo and A2-Mo phases were performed using VASP to obtain the formation energy. The disordered structure of A1(CoMo 3 ) is approximated by the special quasirandam structure (SQS) of 16 atoms with 75 mol% Mo.
27) The supercell structure of A1-CoMo 3 was taken from previous work.
29 ) The energy calculations were carried out using the projector augmented-wave (PAW) approach in the generalized gradient approximation (GGA). 30, 31) For Mo atoms the pseudopotential treating the semi-core p state as valence states was used. The calculations were performed for 0 K without pressure. Brillouin-zone sampling was performed using the ¥ centered Monkhorst Pack scheme with a 15 © 15 © 15 mesh grid.
32) The planewave energy cutoff was 500 eV. The unit cell volume and shape as well as all internal atomic positions of the structures, were fully relaxed except for the A1-CoMo 3 structure. Only the volume of A1-CoMo 3 was relaxed because the fully relaxed structure of A1-CoMo 3 is quite different from the original symmetry. The chosen energy cutoff, k-points and convergence parameters were checked to ensure a convergence in energy of the order of 1 meV/atom.
The T = 0 K formation enthalpy per mole of Co 1¹x Mo x compounds can be calculated from the following equation:
where E(Co), E(Mo) and E(Co 1¹x Mo x ) are the ab initio total energies per mole of A3-Co, A2-Mo and the intermetallic compounds, respectively. Here, x is the molar fraction of Mo in the compounds.
Thermodynamic Models
In the present study, the Gibbs energies of pure Co and Mo in the stable and metastable states are taken from the SGTE pure element database.
33) The liquid, A1 (fcc), A2 (bcc) and A3 (hcp) phases were described by the sub-regular solution model. The molar Gibbs energy of phase º is given by:
where x i , G º i , R and T are the mole fraction of an element i, the Gibbs energy of i with the structure º, the gas constant, and temperature, respectively. The second and third terms on the right-hand side are the ideal entropy term and the excess Gibbs energy term, respectively. m L 34, 35) The molar Gibbs energy equation for a four-sublattice phase using the compound energy formalism is given by: 
where, y ðmÞ i , G i:j:k:l , and 0 L are the site fraction of the element i on the sublattice m, compound energies, and interaction parameters, respectively. A colon in the suffix of compound energies and interaction parameters separates elements on different sublattices, and a comma separates elements on the same sublattice. Equation (3) can also describe the disordered state when all site fractions y ðmÞ i are equal to the mole fractions, x i :
From the fact that the sublattices are identical and that the Gibbs energy expression also represents the disordered state, the following relations must be fulfilled: 35) G 
The molar Gibbs energy for the ordered structures can be described by two parts as:
where G dis m ðx i Þ is the molar Gibbs energy of the disordered state and ÁG ord m ðy i Þ is the molar ordering energy. When the phase is disordered, the ordering energy is zero. This is automatically given in the model by the expressing the order energy as follows:
From these equations the relation of the parameters between the regular solution model and the four-sublattice model can be simply derived as follows: The ® phase with the D8 5 structure includes five crystallographic sites. In an idealized description as stoichometric Co 7 Mo 6 compound, Mo atoms occupy the sites 6c 1 , 6c 2 and 6c 3 , while Co atoms occupy sites 3a and 18h.
36) The conventional model for this phase is the three-sublattice model 37) represented as (Co,Mo) 7 Mo 2 (Co,Mo) 4 (model I). In this model the sites 3a and 18h and the sites 6c 2 and 6c 3 are combined to decrease the number of the fitting parameters. The molar Gibbs energy for formula unit is expressed by: Recently, based on the detailed crystallographic information, 36) a four-sublattice model was recommend for the ® phase, which is represented as (Co,Mo) 1 -Mo 4 (Co,Mo) 2 (Co,Mo) 6 (model II). 36) In this model, the sites 6c 1 and 6c 2 are occupied by Mo atoms only, while the others sites are occupied by Co and Mo. The molar Gibbs energy per formula unit is expressed by: The Co 3 Mo compound with the D0 19 structure is described by a simple line compound model because of its narrow homogeneity range.
A term for the magnetic contribution to the Gibbs energy is introduced for the A1, A2 and A3 and fcc-based ordered phase. The magnetic term, mag G m is expressed by Hillert and Jarl 38) as follows:
where R is gas constant, T is temperature and f(¸) is the integral function fitted to the contribution to the heat capacity due to the magnetic transition.¸is T/T C and ¢ is the average Bohr magneton number per atom. The ordering dependence of the T C is described in the same way as for the Gibbs energy, i.e.
An analogous formalism is used for the description of ¢. ÁT order C
and Á¢ oder are assumed to be zero due to the lack of information.
Results and Discussion

Microstructure
Typical micrographs are shown in Figs. 1 and 2 and the chemical compositions determined by EPMA are summarized in Table 1 . Figure 1(a) shows the optical micrograph of the 3Mo alloy annealed at 1623 K for 24 h, in which a martensitic structure with a high density of twins is observed, as shown in Fig. 1(b) . This martensitic structure is evidence that this phase was the A1 phase at the annealing temperature and transformed to the A3 phase during the cooling.
A two-phase structure has been observed in the 18Mo alloy annealed at 1523 K for 10 h (Fig. 1(c) ). The matrix phase with the twinned structure was the A1 phase at the annealing temperature that transformed to the A3 phase. The precipitated phase is not observed in the twinned structure, although the chemical composition difference with the matrix phase is about 2% as shown in Table 1 . This phase is considered to be the A3 phase according to the literature. 19, 24) Although this phase is not stable at lower temperatures it does not show evidence of having undergone a phase transformation in the micrograph. Figures 1(d) and 1(e) show the optical micrographs of the 25Mo alloy annealed at 1573 K for 42 h and 1523 K for 30 h, respectively. Although the chemical compositions of the matrix phases in both samples are very similar as listed in Table 1 , the matrix structures in Figs. 1(d) and 1(e) could be identified as the A1 and A3 from the presence or absence of the twinned structure, respectively. The precipitated phase in both samples is considered as the ® phase from the chemical composition. 22) These results suggest that a peritectoid reaction (A1 + ® § A3) occurs between 1523 and 1573 K.
Figures 2(a) and 2(b) show the compositional images in the back-scattered electron image (BSE) mode of the 52Mo and 70Mo annealed at 1623 K, respectively. The 52Mo alloy shows the two-phase structure, as shown in Fig. 2(a) . From the chemical composition, 22) the bright and dark color regions are considered as · and ® phases, respectively. In the 70Mo alloy, there are three phases, which are indentified as the A2, · and ® from the chemical composition analysis.
This suggests that the 70Mo alloy did not reach equilibrium with the present heat treatment condition: longer heat treatment is necessary for the 70Mo alloy to obtain the equilibrium state due to the low diffusivity. The chemical composition of all two or three phase alloys is listed in Table 1 .
Diffusion couples
The compositional images in the BSE mode of the Co/ 25Mo DC specimen annealed at 1373 K for 120 h is shown in Fig. 3(a) . The A3 + ® two-phase structure is observed in the 25Mo side. Near the diffusion zone, the boundary is formed as shown in Fig. 3(a) . The concentration-penetration curve near the boundary measured by EPMA along the dashed line in Fig. 3(a) is shown in Fig. 3(b) . An obvious composition step is observed, corresponding to the boundary with the contrast step in the compositional images in the BSE mode. The equilibrium compositions listed in Table 1 were determined by extrapolating the composition-penetration profile to the interfacial boundary, which agrees well with compositions of the two-phase alloys. Similar results were obtained in the Co/25Mo DC specimens annealed at 1573 and 1273 K. The compositional images in the BSE mode of the Co/10Mo DC specimen annealed at 1173 K for 120 h is shown in Fig. 4(a) . The 10Mo alloy consists of a two-phase structure of A1 and D0 19 . The concentration-penetration curve near the boundary, delineated by the broken line in Fig. 4(a) , was measured by EPMA along the dashed line as shown in Fig. 4(b) , where an obvious composition step corresponding to the boundary is observed. According to the magnetic measurement results, the regions to the left and the right side are considered to be the ferromagnetic and paramagnetic, respectively, at the annealing temperature. This phase boundary may correspond to the phase separation of the ferromagnetic A1 and paramagnetic A1 phases predicted by the thermodynamic calculations. 24) A similar phase separation has been experimentally observed in several Co X systems such as the CoCr, 39, 40) CoV, 41) CoW 42, 43) and CoGe. 44) 5.3 DSC and VSM measurements Figure 5 shows the DSC curves on heating of 16Mo, 19Mo and 25Mo alloys. Several endothermic peaks are observed. Each of the peaks is identified, as noted in Fig. 5 , and summarized in Table 2 . The microstructural observations were taken into account for the interpretation of the DSC peaks.
The magnetizationtemperature (MT) curves on heating obtained from 3Mo, 10Mo, 12Mo and 16Mo alloys quenched from 1623 K are shown in Fig. 6(a) . Their microstructures consist of martensitic A3 and residual A1 as shown in Fig. 1(a) . The magnetization increases with increasing temperature, with a peak at around 870 K for the 3Mo alloy. This temperature corresponds to the inverse martensitic transformation temperature of the matrix phase. The T C of the 3Mo alloys could not be obtained due to the upper limit of the equipment. The magnetization of 12Mo alloy decreases with increasing temperature in two steps. Since the T C of the A3 phase has a tendency to be higher than that of A1 phase in CoCr 40) and CoW 43) alloys, the lower and higher temperature steps are interpreated as T C for A1 and A3, respectively. Only the lower step could be observed in the 10Mo alloy because of the temperature limit of the equipment. The compositional dependence of the saturation magnetization (I s ) at 83 and 298 K is shown in Fig. 6(b) . The I s at 83 K disappears at around 25 mol% Mo according to the extrapolation of the measured results. The magnetic behavior is similar to that of the CoW system. 43) The results of the magnetic measurements are summarized in Table 3 . The average standard deviation for the temperature is less than «5 K.
Experimental Determination and Thermodynamic Assessment of Phase Equilibria in the CoMo System
The experimental phase diagram evaluated from the present investigation is shown in Fig. 7 together with the phase diagram compiled in Ref. 22 ). Compared to the previously accepted phase diagram the temperature of the A1 + ® § A3 peritectoid reaction is 100 K higher and the A3 § A1 + D0 19 eutectoid reaction is 20 K lower. The homogeneous region of D0 19 phase deviates to the Co-rich side from the stoichiometric composition. The magnetically induced phase separation of A1 ferro + A1 para is confirmed near the T C . The homogeneity ranges of the ® and · phases are similar to previous results. The · § ® + A2 eutectoid reaction could not be determined by the present study; it could be lower than 1173 K.
ab initio calculations
The formation enthalpies of D0 19 -Co 3 Mo L1 2 -Co 3 Mo, L1 0 -CoMo, L1 2 -CoMo 3 and A1-CoMo 3 from the ab initio calculations are shown in Table 4 and Fig. 8 , together with the evaluated value 45) from the experimental data of the D0 19 -Co 3 Mo phase. 16, 20) This value is in good agreement with our calculations. 46) It can be seen that the ab initio results agree to within 1% of the experimental data. The c/a ratio of the tetragonal L1 0 -CoMo deviates slightly from a pseudocubic ratio. The formation energies of the L1 0 -CoMo, L1 2 -CoMo 3 and A1-CoMo 3 are positive while that of L1 2 -Co 3 Mo is slightly negative as shown in Fig. 8 . The formation energy of the ordered L1 2 -CoMo 3 is higher than that of disordered A1-CoMo 3 . It is noteworthy that the ab initio energy of A1-Mo, which is known as a mechanically unstable phase, 47, 48) is considerably higher than the SGTE value. The ab initio energies of the L1 2 -CoMo 3 and A1-CoMo 3 are also relatively higher than the SGTE value for A1-Mo. The requirement for mechanical stability in a cubic crystal is (C 11 ¹ C 12 ) > 0, (C 11 + 2C 12 ) > 0, C 11 > 0 and C 44 > 0, where C ij are the elastic constants. 49) Strain energies for tetragonal and trigonal distortions are related to C 11 ¹ C 12 and C 44 , respectively. The lattice instabilities along the tetragonal (Bain) distortion path between bcc and fcc with the constant volume are evaluated for A1-Mo, L1 2 -CoMo 3 , A1-CoMo 3 , L1 0 -CoMo and L1 2 -Co 3 Mo using results from VASP calculations (Fig. 9(a) ). At c/a ratios of 1 and ffiffi ffi 2 p the structure is equivalent to the bcc The average standard deviation for the saturation magnetization is less than «3 A·m 2 ·kg
¹1
. and fcc symmetry, respectively. It can be seen that A1-Mo has a local maximum at c/a = ffiffi ffi 2 p , while for L1 2 -Co 3 Mo, L1 0 -CoMo a minimum occurs near c/a = ffiffi ffi 2 p . The L1 2 -CoMo 3 shows a fairly flat curve with a shallow minimum at c/a = ffiffi ffi 2 p . These results suggest that for Mo-rich compositions the bcc structure is stable and the fcc structure is unstable, and L1 2 -Co 3 Mo, L1 0 -CoMo have stable, nearly, ideal fcc structures. Figure 9(b) shows the total energy-strain curves for tetragonal distortion of L1 2 -Co 3 Mo and L1 2 -CoMo 3 and the trigonal distortion of L1 2 -CoMo 3 . The curve of tetragonal distortion of the L1 2 -CoMo 3 is fairly flat compared to the other curves. The fairly small value of 30 GPa of C 11 ¹ C 12 for L1 2 -CoMo calculated from this curve. These small differences further emphasize the need for the calculation of the vibrational entropy and an accurate ab initio treatment such as the FLAPW-LDA method 50) to obtain accurate predictions for the stabilities of different structures. Therefore, the calculated formation energy values for L1 2 -CoMo 3 and A1-CoMo 3 were not used in the CALPHAD assessment.
Co
Thermodynamic calculations
Since earlier experimental information of phase equilibria and thermochemical data were compiled in a previous report, 24) the review of these data is omitted in this paper. The thermodynamic assessment was performed using the present experimental data and liquidus data from Ref. 15 ). The formation enthalpies of D0 19 -Co 3 Mo, L1 2 -Co 3 Mo and L1 0 -CoMo obtained from ab initio calculations are also used to the present assessment. Using eq. (5) and thermodynamic values of the formation enthalpies listed in Table 4 , the first-neighbor interaction energy¯ð 1Þ Co:Mo and the adjustable parameter ¡ Co 3 Mo were derived as ¹2223.9 J/mol and ¹1134.8 J/mol, respectively. G is assumed to be zero. For model I of the ® phase, four end-members have to be taken into account. For the formation energy of Mo:Mo:Mo, which is a highly non-stable compound, a value of 5000 J/mol per atom is usually accepted. Other conventional simplifications 24) for the optimization was accepted for model I. For model II, eight end-members have to be considered. The formation enthalpies of four compounds *:Mo:*:Mo, corresponding to compositions far from the stable region are fixed at 30 kJ/mol by taking into account the ab initio ® phase lattice stability 51) of 29 kJ/mol and converting the reference state from A1 to A2 using the value from the present results. A 4th order polynominal was used for evaluating the parameters the magnetic contribution for the A1 and A3 phases to avoid abnormal T C behavior on the Mo-rich side. Other parameters were evaluated from the phase diagram information using the Parrot module in Thermo-Calc. 52, 53) The parameter set obtained by the present assessment is summarized in Table 5 . Figures 10(a) and 10(b) show the calculated CoMo phase diagrams using model II for the ® phase in comparison with various experimental data. It can be seen that most of the present experimental phase equilibria data are reproduced. The solubility of Mo in the Co-rich A1 phase shows an abrupt decrease with decreasing temperature following the phase separation into the ferromagnetic and paramagnetic A1 phase as a result of the magnetic contribution to the Gibbs energy. 24, 3944) This kind of phase separation is observed in systems exhibiting a very strong compositional dependence of T C . Table 6 gives the comparisons of all invariant reactions from the present calculation, a previous calculation 24) and handbook evaluation.
22) The A3 para stable temperature region was determined in great detail in the present work and it was found that the temperatures of invariant reactions with the A3 phase differ significantly from those reported earlier. 
The metastable fcc-based phase diagram, including the orderdisorder transitions, is shown in Fig. 11 . There are no experimental data except for the A1 phase in the Co-rich region; however, for extrapolations to higher-order systems for Co-base £/£A superalloys knowledge of the stability of these ordered phase is important. The predicted maximum of the A1/L1 2 orderdisorder transition temperature is about 580 K which is significantly lower than the 1349 K orderdisorder transition temperature of the ternary L1 2 -Co 3 (Al,W). 54) Therefore, addition Mo appears to decrease the orderdisorder transiton temperature of the Co 3 (Al,W). 1) A miscibility gap in the paramagnetic A1 phase is also predicted in the Morich region. This is in agreement with the positive formation energy of the L1 2 -CoMo 3 phase from the ab initio calculation when the SGTE lattice stabilities of the pure elements 33) are used as reference states (Fig. 8) . However, this formation energy was not used in the thermodynamic assessment. Figure 12 shows the calculated formation enthalpies at 298 K as a function of composition. The calculated values are in poor agreement with the values recommended in Ref. 45 ). According to Ref. 24) , these values should be considered less reliable because they were derived from emf data 17, 20) that disagree with the accepted phase boundary data.
The calculated and experimental site fractions 36) for the ® phase using model II are plotted in Fig. 13 . On deviation from the ideal stoichiometry to the Co-rich side, Mo on site 6c 3 is replaced by Co, while on deviation to the Mo-rich side, Co is first replaced by Mo on site 3a and then on site 18h. This site occupancy behavior is similar to the experimental results. The comparison of the calculated phase diagrams near the ® phase stable region using the models I and II for the ® phase and the result from the previous calculation 24) is shown in Fig. 14 . The phase boundaries obtained by using model I for the ® phase are in poor agreement with the experimental data compared that of model II. The results from the previous calculation also using model I are also in poor agreement with the experimental data. In model I, sites 3a and 18h and sites 6c 2 and 6c 3 are assumed to have the same site occupation. This assumption is in disagreement with the experimentally observed site occupancy behavior and has a significant effect on the mixing entropy. Therefore, model II is preferred to describe the ® phase of the CoMo system.
Conclusions
The phase equilibria of the CoMo system were investigated experimentally and thermodynamically with ab initio and CALPHAD calculations. The stable temperature region of the A3 phase has been determined in great detail. The peritectoid A1 + ® § A3 reaction is 100 K higher compared to the phase diagram compiled in Ref. 22 ). The thermodynamic assessment of the present experimental data was performed with help of the results from the ab initio calculations. The calculated results reproduce the characteristic features of the experimental phase diagram well. The calculated metastable fcc-base phase diagram using a four-sublattice model is also reasonable. It was found that the four-sublattice model is better suited than the conventional three-sublattice thermodynamic model for the ® phase. The new set of parameters can be used for estimating the stability of the L1 2 -£A phase in Co-base £/£A superalloys. 
